Goodwater Creek Experimental Watershed (GCEW) has been the focus area of a long-term effort to document the extent of and to understand the factors controlling herbicide transport. We document the datasets generated in the 20-yr-long research effort to study the transport of herbicides to surface and groundwater in the GCEW. This long-term effort was augmented with a spatially broad effort within the Central Mississippi River Basin encompassing 12 related claypan watersheds in the Salt River Basin, two cave streams on the fringe of the Central Claypan Areas in the Bonne Femme watershed, and 95 streams in northern Missouri and southern Iowa. Details of the analytical methods, periods of record, number of samples, study locations, and means of accessing these data are provided. In addition, a brief overview of significant findings is presented. A key finding was that near-surface restrictive soil layers, such as argillic horizons of smectitic mineralogy, result in greater herbicide transport than soils with high percolation and low clay content. Because of this, streams in the claypan soil watersheds of northeastern Missouri have exceptionally high herbicide concentrations and relative loads compared with other areas of the Corn Belt.
G oodwater Creek Experimental Watershed
(GCEW) is representative of the soils, land use, and water quality within the larger Salt River basin (SRB) (Lerch and Blanchard, 2003; Lerch et al., 2008 Lerch et al., , 2011b ) of northeastern Missouri (Fig. 1) . The SRB encompasses about 30% of the claypan soils within the Central Claypan Areas of Major Land Resource Area (MLRA) 113 (NRCS, 2006) . Streams within the watersheds of MLRA 113 and those with similar soils in MLRA 109 (Iowa and Missouri Heavy Till Plain) had the highest concentrations and loads of commonly used corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] herbicides within the northern Missouri and southern Iowa region ( Fig. 2 ) (Blanchard and Lerch, 2000; Lerch and Blanchard, 2003) . In the GCEW ( Fig. 3 and 4) , persistently high concentrations of soilapplied herbicides have occurred in the second and third quarters of the year since monitoring began in the fall of 1991, and atrazine (6-chloro-N-ethyl-N¢-(1-methylethyl)-1,3,5-triazine-2,4-diamine) concentrations exceeded at least one of the USEPA (2007) ecological benchmark concentrations in 10 out of 15 yr from 1992 to 2006 (Lerch et al., 2011a (Lerch et al., , 2011b . Furthermore, atrazine concentrations in GCEW were shown to be among the very highest of any watershed in the United States based on comparisons using the national Watershed Regressions for Pesticides (WARP) model (Larson and Gilliom, 2001; Larson et al., 2004) and by direct comparison with the 112 watersheds used in the development of WARP (Lerch et al., 2011b) .
Because of the documented herbicide contamination problems within GCEW and the SRB, extensive studies of herbicide fate and the mitigation of herbicide transport have been conducted in the last 20 yr on these problematic claypan soils . Here we document the herbicide data collected in GCEW at plot, field, and watershed scales. In addition, related datasets from the northern Missouri and southern Iowa region, including the SRB, and two cave streams in the Bonne Femme watershed, an area of karst topography with claypan soils, are described.
Data Documentation

Solid-Phase Extraction and Chromatographic Analysis of Herbicides and Metabolites
The analytical methods described briefly below, and in greater detail in the supplemental material, have supported research focused on the transport and fate of soil-applied herbicides and their metabolites. These methods provided the basis for the herbicide datasets available through the web-based Sustaining the Earth's Watersheds Agricultural Research Data System (STEWARDS) and the supplemental data files provided with this report (Lerch et al., 2014a,b) . The methods focused on the quantification of seven commonly used corn and soybean herbicides and six triazine metabolite compounds. Table 1 includes details organized by compound, including sample locations, number of sites, period of record, number of samples analyzed, and relevant literature citations. Table 2 includes a list of the general analysis methods and method detection limits for each herbicide and metabolite compound. From 1991 to 2010, 11,808 water samples were analyzed for herbicides and triazine metabolites ( Table 1) . Details of the quality assurance program are provided in the supplemental material.
Since 1991, herbicide analyses used the same basic approach. This consisted of solid-phase extraction (SPE) of herbicides and metabolites from filtered water samples, solvent elution from the SPE, solvent concentration, and separation and quantification of analytes by gas or high-performance liquid chromatography with external standard calibration. High-performance liquid chromatography (HPLC) was used for the analysis of nonvolatile compounds, generally herbicide metabolites, while gas chromatography (GC) was used for more volatile compounds. Changes in the methods were usually a result of improved GC technology, such as new instrumentation, detectors, columns, and automated sampler designs. These improvements provided enhanced sensitivity, separation, and compound identification Table S2 ). (2000), Lerch and Blanchard (2003) , Lerch et al. (2005 Lerch et al. ( , 2011b , Lerch (2011) , Lerch et al. (2011b) Lerch et al. (1995 Lerch et al. ( , 1998 Lerch et al. ( , 2005 Lerch et al. ( , 2011a Lerch et al. ( , 2011b , Blanchard and Donald (1997) , Donald et al. (1998) , Blanchard and Lerch (2000) , Lerch and Blanchard (2003) , Lerch (2011) Lerch et al. (1995 Lerch et al. ( , 1998 , Blanchard and Donald (1997) , Donald et al. (1998) , Lerch and Blanchard (2003) , Lerch (2011) . Lerch et al. (1995 Lerch et al. ( , 1998 , Blanchard and Donald (1997) , Donald et al. (1998) , Lerch and Blanchard (2003) , Lerch (2011) Lerch et al. (1995 Lerch et al. ( , 1998 Northern Missouri streams 147 1994-1995 589
Deisopropylhydroxyatrazine 2-hydroxy-4-ethylamino-6-amino-s-triazine GCEW subwatersheds ‡ 1 1992-1994 111 Lerch et al. (1995 Lerch et al. ( , 1998 Northern Missouri streams 136 1994-1995 273
Hydroxyatrazine 2-hydroxy-4-ethylamino-6-isopropylamino-s-triazine GCEW subwatersheds ‡ 1 1992-1994 111 Lerch et al. (1995 Lerch et al. ( , 1998 , Lerch and Blanchard (2003) Northern Missouri streams 153 1994-1999 1141 14 1996 -2002 553 Blanchard and Donald (1997 , Donald et al. (1998) , Blanchard and Lerch (2000) , Lerch and Blanchard (2003) , Lerch et al. (2005 Lerch et al. ( , 2011b and increased sample throughput. From 1991 to 1999, two approaches were used for herbicide analyses of water samples: (i) GC with N and P detection (GC-NP) that included most parent compounds and two chlorinated atrazine metabolites; and (ii) HPLC with ultraviolet detection for cyanazine Blanchard and Lerch (2000) , Lerch and Blanchard (2003) , Lerch et al. (2005 Lerch et al. ( , 2011b , Lerch (2011) GCEW 003 † ELISA, enzyme-linked immunosorbent assay; GC-MS, gas chromatography-mass spectrometry; GC-NP, gas chromatography with an N-P detector; HPLC, high-performance liquid chromatography with UV detection. ‡ For the GC-NP method, the first value represents the limit of detection in groundwater and the second value represents the limit of detection in surface water.
triazine metabolites. The implementation of the GC-MS in combination with greater sample concentration during SPE preparation (see Solid-Phase Extraction in the supplemental material) improved detection limits by four to 145 times that of the GC-NP method (Table 1) .
Enzyme-Linked Immunosorbent Assays
In 1991 and 1992, enzyme-linked immunosorbent assay (ELISA) analysis of herbicides in water was initially used as a screening tool for the presence of atrazine or alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl) acetamide] in water samples to determine if SPE-GC analysis was necessary. The use of ELISA as a screening tool was discontinued in 1992 because of the high rate of false positives associated with the alachlor kits. The false positives were due to the presence of the alachlor ethane sulfonic acid (2-[(2,6-diethylphenyl)(methoxymethyl) amino]-2-oxoethanesulfonic acid) metabolite in the water samples (Blanchard and Donald, 1997) . Beginning in 1996, ELISA analyses were applied to the quantification of atrazine and metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide] in field-and plot-scale runoff samples. In these controlled settings, GC-MS confirmation was not required and the ELISA methods allowed greater sample throughput at lower cost than the SPE-GC methods.
Site Descriptions and Locations
During the last 20 yr, herbicide and nutrient transport studies have been performed at a variety of scales, from plots and fields to the entire northern Missouri and southern Iowa region ( Fig.  1-4) . The nutrient data are documented by Lerch et al. (2015) . Descriptions of the geophysical setting and the anthropomorphic history of the SRB and GCEW are provided in Sadler et al. (2015) . Information regarding land uses and soils were described by Lerch et al. (2008) for the SRB, by Blanchard and Lerch (2000) and Lerch and Blanchard (2003) for the northern Missouri and southern Iowa region, and by Lerch (2011) for the cave recharge areas. In addition to studies assessing surface transport, 97 wells installed within the glacial aquifer of GCEW were monitored for herbicide concentrations ( Fig. 4 ; Supplemental Table S2 in Lerch et al., 2015) .
Northern Missouri Streams
In 1994 and 1995, stream water samples were collected from 153 sites representing 95 separate streams and approximately 62,000 km 2 of drainage area within 20 major basins of the northern Missouri and southern Iowa region (Fig. 2) (Lerch et al., 1998; Blanchard and Lerch, 2000; Lerch and Blanchard, 2003) . Individual watershed drainage areas ranged from 104 to 20,400 km 2 . Grab samples were collected at preplant (March and April) and post-plant (May and June) in 1994 and 1995 under runoff and base flow conditions. This study was initiated as a reconnaissance survey to document herbicide concentrations in streams of the northern Missouri and southern Iowa region, and only 32 sites had discharge data because they were co-located at USGS monitoring stations (Supplemental Fig. S1 ). Thus, the results reported by Lerch et al. (1998) and Blanchard and Lerch (2000) included only concentration data. A follow-up study was conducted from 1996 to 1999 at 21 of the USGS monitoring stations, allowing computation of loads for a drainage area of approximately 55,000 km 2 (Lerch and Blanchard, 2003) . From 1994 to 1999, herbicide (and nutrient) analyses were conducted on a total of 1143 samples.
Claypan Streams
Stream sites within the Missouri portion of the Central Claypan Areas (MLRA 113) have been extensively monitored for the last 20 yr. These sites included three subwatersheds within GCEW, 12 watersheds in the SRB, and two losing stream recharge areas on the southwestern fringe of MLRA 113 (Fig.  3 and 4) . At GCEW, stream discharge and suspended sediment data have been collected since 1971 (Baffaut et al., 2013 , with herbicide data dating from 1991 to the present (Table 1) . Three nested watersheds, ranging in area from 1210 to 7299 ha, within GCEW were instrumented with V-notch weirs and automated samplers (Fig. 4) . Herbicide data were acquired from the two smaller watersheds (W11 and W9) from 1991 to 1997 and for the watershed outlet (W1) from 1991 to the present. Details of the autosampler collection parameters were reported by Baffaut et al. (2009 and 2013) and Lerch et al. (2011b) . Base flow grab samples were collected weekly except during runoff events. A total of 2449 samples were collected and analyzed for herbicides in Goodwater Creek from 1991 to 2010.
As part of the Conservation Effects Assessment Project, stream monitoring sites were established at 12 locations in the SRB (Fig. 3) (Lerch et al., 2008) . Monitored watershed areas ranged from 212 to 1185 km 2 , with a total monitored drainage area of approximately 6000 km 2 . Nine of the sites were co-located with USGS monitoring stations, and three sites were established by the USDA-ARS and its cooperators. Discharge data were available at all sites. Herbicide data were acquired from 2005 to 2010 by a combination of grab and automated sample collection Baffaut et al., 2013) . For large runoff events, sample bottles were replaced and the sampling continued until the end of the event. Grab samples were collected twice per month under base flow conditions and following runoff events. A total of 2123 samples were collected as part of this study.
From 1999 to 2002, the resurgence of two cave streams, Devils Icebox and Hunters Cave, were monitored for herbicide concentrations (Lerch, 2011) . These two streams result from losing stream hydrology in which runoff from the claypan soils flows onto exposed limestone bedrock, resulting in infiltration of stream water directly into the groundwater. The recharge areas of these two streams are predominantly within MLRA 113, and >70% of both recharge areas are covered by claypan soils (Fig.  3 ). Samples were collected by automated samplers under runoff conditions, with grab samples collected periodically under base flow conditions. Details of the sampling methods were reported by Lerch (2011) . The total number of samples analyzed for herbicides and nutrients during the study was 1031 at Hunters Cave and 721 at Devils Icebox.
Sites within Goodwater Creek Experimental Watershed
Research sites within GCEW included three field-scale watersheds and 30 replicated plots (Fig. 4) . The research fields ranged in area from 7 to 35 ha, and each field had different cropping system treatments in an effort to determine their impact on surface water quality. The outlets from each field were instrumented with concrete V-notch weirs and refrigerated automatic samplers to measure runoff discharge and collect samples for herbicide analyses. Runoff samples were collected at Field 1 from 1991 to 2010 and at Fields 2 and 3 from 1993 to 2001. From 1991 to 2010, 1834 samples were analyzed for herbicides (Table 1) . Details of the soils, topography, cropping systems management, sample collection, and herbicide transport were reported by Ghidey et al. (2002 Ghidey et al. ( , 2010 and Lerch et al. (2005) .
The research plots encompass 0.35 ha and three landscape positions (summit, backslope, and footslope) adjacent to Field 1. From 1997 to 2002, three cropping system treatments (which included 14 of the 30 plots) were instrumented with wing walls and automated samplers to collect runoff samples during the growing season. Herbicide and nutrient analyses were conducted on a total of 553 runoff samples from the plots ( Table 1) . Details of the plot management, runoff instrumentation, and herbicide data were reported by Ghidey et al. (2005) .
While most of the contaminant transport research within GCEW focused on surface waters, 97 wells installed within the glacial till aquifer of GCEW were monitored for herbicide concentrations. From 1991 to 2010, up to 1500 groundwater samples were analyzed for at least one herbicide (Table 1) . Additional details about the wells, including sampling frequency, specific locations, and depth below the land surface, are reported by Lerch et al. (2015) . Since 1992, precipitation samples have been collected at the Field 1 site. Samples were collected for each rainfall event with an Aerochem Metrics Model 301 wetdry deposition sampler (STEWARDS Method CSWQ_FM06) located adjacent to the Field 1 site. Samples were analyzed for herbicides by GC-NP or GC-MS. A total of 651 samples were collected and analyzed from 1991 to 2010.
Data Availability
All herbicide data from 1991 to 2010 collected from sites within GCEW are currently available through STEWARDS (http://www.nrrig.mwa.ars.usda.gov/stewards/stewards. html), and a navigation aid for STEWARDS is provided in the Supplemental Material. Herbicide data from 2005 to 2010 collected from the 12 streams within the SRB are also available in STEWARDS. The two additional datasets from the northern Missouri and southern Iowa streams and the cave streams are available online as Excel files and designated here as the northern Missouri stream data file (Lerch et al., 2014b) and cave stream data file (Lerch et al., 2014a) .
The northern Missouri stream data file (Lerch et al., 2014b ) contains stream water concentrations of herbicides and nutrients for 153 sites in the northern Missouri and southern Iowa region from 1994 to 1995 and additional data from 1996 to 1999 for 21 sites. Sheet 1 (Metadata) of the file contains supporting information regarding the length of record, site locations, parameters measured, concentration units, and method detection limits, describes the meaning of zero and blank cells, defines the MLRAs of the region, and provides a link to the USGS discharge data. Sheet 2 (Site Names and Locations) has a list of the site names by MLRA, river system, and site name. It also contains site locations, provided as Universal Transverse Mercator coordinates, and drainage areas and indicates which sites were co-located at USGS gauge sites (Supplemental Fig. S1 ). Sheet 3 (Concentration Data) contains data for 15 herbicide and nutrient analytes along with the corresponding site name, river system, and MLRA.
The cave stream data file (Lerch et al., 2014a) 
Overview of Significant Findings
This overview highlights the major findings resulting from publications based on the herbicide data generated during the last 20 yr. Initial findings showed that surface water contamination by herbicides in GCEW was a significant problem during the second and third quarters of the year. Lerch et al. (1995) and Donald et al. (1998) showed that during 1992 to 1994, atrazine concentrations exceeded 100 mg L −1 in GCEW, and metolachlor concentrations were as high as 39 mg L −1 . As mentioned above, GCEW also had among the highest concentrations and relative loads of atrazine, metolachlor, and metribuzin [4-amino-6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one] from 1992 to 2006 compared with other cropland watersheds in the United States (Lerch et al., 2011a (Lerch et al., , 2011b . A 15-yr trend analysis (covering 1992-2006) of herbicide concentrations and loads for GCEW showed that changes of 50% or more in herbicide usage were required for significant trends in concentration or load to be observed at the outlet to GCEW (Lerch et al., 2011a (Lerch et al., , 2011b . Although atrazine loads in GCEW showed no significant trends with time, a cumulative vulnerability index (CVI) was developed to explain the factors responsible for the highly variable annual atrazine loads, which ranged from 10 to 282 kg (Lerch et al., 2011b) . The CVI combined corn planting progress (used as a surrogate for herbicide spraying), the occurrence of runoff events, and atrazine dissipation in the environment to predict the magnitude of annual atrazine loads. Sadler et al. (2012) further demonstrated that the CVI was applicable to the entire SRB. Lerch et al. (1995 Lerch et al. ( , 1998 also showed that atrazine metabolites were significant stream water contaminants in GCEW and in 141 streams across nine Corn Belt states. Atrazine metabolites accounted for 21 to 58% of the total atrazine load in these Corn Belt streams, and hydroxyatrazine (2-hydroxy-4-ethylamino-6-isopropylamino-s-triazine) was shown to be the primary metabolite present in the northern Missouri and southern Iowa streams.
Using data from 153 stream sites in the northern Missouri and southern Iowa region (Fig. 2) , Blanchard and Lerch (2000) demonstrated the importance of soils and hydrology to the vulnerability of herbicide transport. Across the region, herbicide concentrations were lowest in streams of MLRA 107 (Iowa and Missouri Deep Loess Hills), despite the highest row crop intensity within the region, and highest in streams of MLRA 113. Lerch and Blanchard (2003) provided further support that soils and hydrology, rather than land use, were the key factors controlling herbicide transport. Unit area losses of six parent herbicides and four metabolites on a treated-area basis showed that watersheds dominated by high-runoff-potential soils had the highest herbicide transport. The development of the WARPCorn Belt (WARP-CB) model showed that this finding was widely applicable across the Corn Belt (Stone and Gilliom, 2011) . The single most explanatory variable in the WARP-CB regression models was the presence of a soil restrictive layer (saturated hydraulic conductivity <1 mm s −1 ) within the top 25 cm of the surface. Moreover, Lerch and Blanchard (2003) showed that streams of the northern Missouri and southern Iowa region contributed a disproportionately high amount of the herbicide loads to the Missouri and Mississippi rivers.
At the plot scale, research from 1997 to 2002 established that the incorporation of soil-applied herbicides substantially reduced herbicide losses, especially for atrazine, compared with no-till in which the herbicides are surface broadcast without incorporation (Ghidey et al., 2005) . No-till cropping systems were also shown not to decrease runoff during the course of a growing season compared with a minimum-tillage system. These findings were also supported by the results of research at Fields 1 and 2 (Ghidey et al., 2010) . Thus, the combination of not incorporating herbicides and no reductions in runoff volume causes very high herbicide losses for no-till systems on claypan soils. These findings have created a dilemma for environmental management of claypan soils, which are susceptible to both soil and herbicide losses in runoff. On the one hand, no-till reduces soil loss, but on the other, it increases losses of soil-applied herbicides. Thus, cropping systems are needed that can manage both of these environmental concerns. Ghidey et al. (2005) also reported that concentrations of metolachlor and atrazine in runoff exponentially decreased with time after application. Using the runoff data, a generalized model was developed to account for the effects of time after application, runoff volume, and application rate on herbicide concentrations in runoff. This model was then shown to be applicable to the field scale using runoff data from Fields 1 and 2 (Ghidey et al., 2010) . The plot-scale model was directly applicable at the field scale for atrazine. For metolachlor, inclusion of the cumulative soil and air temperature since application was required to improve the model predictions at the field scale.
Within GCEW, herbicide contamination of groundwater has been shown to be minor in comparison to surface transport. Blanchard and Donald (1997) reported maximum concentrations of 0.12 mg L −1 for atrazine and 0.14 mg L −1 for alachlor. Atrazine was detected in only 7.2% of 945 samples collected from 1991 to 1996, but the more mobile deethylatrazine (2-chloro-4-amino-6-isopropylamino-s-triazine) metabolite was detected in 17% of 281 samples collected. In 2007 and 2008, Pagan (2009) reported concentrations and frequencies of detection for atrazine and two chlorinated atrazine metabolites in 25 wells at the Field 1 site that were substantially greater than those reported by Blanchard and Donald (1997) . Average concentrations reported by Pagan (2009) for deethylatrazine, and 0.020 mg L −1 for deisopropylatrazine (2-chloro-4-ethylamino-6-amino-s-triazine). The improved detection limits of the GC-MS resulted in detection frequencies of 100% for atrazine, 59.7% for deethylatrazine, and 19.4% for deisopropylatrazine. These data showed persistent contamination of groundwater by atrazine and its metabolites, but the concentrations have remained low because of the low hydraulic conductivity of the claypan. Studies by Blevins et al. (1996) and Pagan (2009) point to preferential flow as the recharge mechanism responsible for herbicide transport to the glacial aquifer.
Overall, the long-term research effort on herbicide transport has highlighted the importance of restrictive soil layers with smectitic mineralogy to the risk of transport vulnerability. Nearsurface soil features, such as claypans and argillic horizons, result in greater herbicide transport than soils with high saturated hydraulic conductivities and low smectitic clay content. Thus, the claypan soil watersheds of MLRA 113 and similar watersheds within MLRA 109 have exceptionally high herbicide concentrations and relative loads compared with other areas of the Corn Belt (Lerch and Blanchard, 2003; USEPA, 2007; Lerch et al., 2011b) . Management challenges for restrictive layer soils include development and validation of metrics (e.g., depth to restrictive layer, clay content, saturated hydraulic conductivity, slope) for identification of vulnerable areas within watersheds (Mugdal et al., 2012 ) that can provide the basis for targeting conservation practices and development of practices that can simultaneously manage for erosion control and reductions in soil-applied herbicide transport.
